This study addressed the influence of the rate of shear stress application on aortic smooth muscle cell contraction and the role of specific glycosaminoglycans in this mechanotransduction. Rat aortic smooth muscle cells (SMCs) were exposed to either a step increase in shear stress (0 to 25 dynes/cm 2 ) or a ramp increase in shear stress (0 to 25 dynes/cm 2 over 5 minutes) in a parallel plate flow chamber, and cell contraction was characterized by cell area reduction. SMCs contracted at levels similar to those reported previously and equally in response to both a step and ramp increase in shear stress. When the cells were pre-treated with heparinase III or chondroitinase ABC to remove glycosaminoglycans (GAGs), heparan sulfate and chondroitin sulfate, respectively, from the glycocalyx, the contraction response to increases in shear stress was significantly inhibited.
Introduction
Smooth muscle cells (SMCs) normally reside in the tunica media of the arterial wall and are not exposed directly to fluid flow shear stress associated with blood flow. SMCs can be exposed directly to blood flow when the intima and internal elastic lamina (IEL) are damaged in procedures such as angioplasty or in the anastomotic region of vascular grafts (27, 41) . Experiments in animal models of atherosclerosis and intimal hyperplasia have shown that luminal SMCs may be present from days to months after a vascular procedure (10, 19 ).
These exposed SMCs will experience vascular fluid shear stresses on the order of [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] dynes/cm 2 (time-averaged value). SMCs present in intact vessels are shielded from blood flow but are, however, exposed to fluid shear stress due to transmural interstitial flow. Wang and Tarbell predicted wall shear stresses associated with transmural interstitial flow on the order of 1-3 dynes/cm 2 (50) . Furthermore, it has been predicted that the most superficial layer of SMCs, lying directly beneath the IEL, may be exposed to higher levels of shear stress due to the funneling of flow through the fenestral pores in the IEL, on the order of 10 to 50 dynes/cm 2 (51) .
Recent in vitro work by Civelek et al. (8) has shown that a step increase in shear stress elicits contraction in rat aortic SMCs. Cells starved of serum, which alters the cell phenotype into the contractile state, exhibited a contractile response at 11 dynes/cm 2 of shear stress (8) .
Most recently, an in vivo study has shown that transmural flow plays a significant role in the myogenic response (24) . This group perfused arterioles with an osmotic supplement (BSAficoll) to reduce transmural flow at fixed pressure and observed a significant attenuation of myogenic contraction in response to a step increase in pressure. Ficoll is a nonionic synthetic polymer of sucrose, whose concentration can be varied to alter the osmotic pressure of the luminal media. These in vivo results support the model proposed by Wang and Tarbell (50) and the in vitro work reported by Civelek et al. (8) , indicating dependence of the myogenic response on transmural flow and associated shear stress.
Bayliss initially described the myogenic response as the contraction of a vessel (reduction of diameter) after an increase in pressure and it is now known to be a critical mechanism in the control of blood flow (26, 28) . It is widely believed that the myogenic response is driven by the initial stretch of SMC that occurs right after a step increase in pressure (12, 18) . However, recent studies have shown that when pressure is increased in a ramp fashion without an accompanying stretch, a myogenic response still develops that is comparable to the step response in the steady state (22) . A hypothesis of the present study is that the increase in pressure that drives the myogenic response produces an increase in transmural interstitial flow and associated shear stress by a classical Starling mechanism (transmural flow is proportional to the transmural pressure differential) and that it is the fluid shear stress on SMC that drives the steady state myogenic response. Civelek et al. (8) showed that a step increase in fluid shear stress induced SMC contraction in vitro. In the present study, we ask whether a ramp increase in fluid shear stress can induce SMC contraction comparable to a step increase in the steady state.
In addition to Civelek et al., (8) there have been a number of other studies that have
shown that SMCs are responsive to fluid shear stress (20, 33, 43, 47, 51) . The mechanism by which SMCs sense and transduce changes in shear stress into a cellular response has not been determined. It has been suggested in the literature that the glycocalyx is responsible for the sensing of flow on the endothelial cell (EC) surface (42, 44 
Materials and Methods
Chemicals were purchased from Sigma (St. Louis, MO) unless otherwise noted.
Smooth Muscle Cell Culture
Rat aortic smooth muscle cells were enzymatically isolated from the thoracic aortas of adult male Sprague-Dawley rats (6-7 weeks old, approximately 150 g) as described elsewhere (2) . The cell isolation protocol was reviewed and approved by The Institutional Animal Care
and Use Committee at The Pennsylvania State University. Cells were grown to confluency in DMEM-F12 supplemented with 100 U/ml penicillin and 100 µg/ml streptomycin (1% P/S) and 10% fetal bovine serum (FBS) in culture flasks. SMC were positively identified by their characteristic "hill-and-valley" morphology. 
Shear Apparatus
The parallel plate flow chamber was a modification of the design of Frangos et al. The microscope was interfaced to a charged-coupled device camera, which was connected to a VCR and TV to record all experiments. Image processing software, Image-Pro Express (Media Cybernetics, Inc. Des Moines, Iowa), was used to gather data from videotapes and calculate cell areas. To do this, the outlines of cells had to be manually traced using the computer's mouse, then cell areas at each time point were determined by the software, and reduction in cell area over time was used as the criterion for contraction. Cell area reduction has been used previously as a measure of contraction (8, 15) . Individual cell areas at each time point were normalized with respect to their area at 0 minutes to account for differences in cell size. By this method, each cell had a normalized area of 1 at 0 min; thus, the percent area reduction was calculated at subsequent time points.
Enzymatic Treatment of Glycocalyx
Heparinase III and chondroitinase ABC were used to enzymatically cleave specific components of the SMC's glycocalyx. The enzymes were used individually at a concentration of 0.2 U/ml in DMEM + 1% P/S. The pre-confluent monolayers of SMC on quartz slides were treated with one of the two enzyme solutions for 30 minutes pre-shear in a petri dish placed inside of a 95% air and 5% CO 2 , 37° C incubator. The slides were washed with fresh DMEM + 1% P/S at 37° C prior to mounting in the flow chamber.
Protease Activity
The protease activity of the heparinase III and chondroitinase ABC was assayed using a RediPlate 96-EnzCheck Protease Assay kit (Molecular Probes). A broad spectrum of proteases ranging from metallo-serine, acid and sulfhydryl proteases can be detected with this kit and it has been used previously to indicate protease activity of GAG depleting enzymes The normalized area response of cells in the high viscosity media was not significantly different from the control experiments at any of the measured time points.
Ramp versus step in shear stress
SMCs were exposed to 25 dynes/cm 2 shear stress induced with a step in flow (Step) and a ramp in flow over 5 minutes with steady flow for the remaining 25 minutes (Ramp).
These responses were compared to a no flow control ( Figure 2 ). The step and ramp area reductions were significantly greater than the control response at the 5 minute (P < 0.05) and greater time points (P < 0.01). The ramp and step responses were not significantly different from each other at any of the measured time points. The normalized areas at the 30 minute time points were 91.2 ± 3.5 % (Control), 66.3 ± 4.8 % (Ramp), and 55.1 ± 3.5 % (Step). 
Glycocalyx component enzymatic digestion

Verification of glycocalyx component enzymatic digestion
The results of our protease activity assay indicate that neither heparinase nor chondroitinase displays protease activity. After an incubation of 3 hours, the protease activity Previously Chen and Wight (7) reported that chondroitinase ABC treatments were capable of removing a large fraction of chondroitin sulfate proteoglycans on the SMC surface.
A study by Simionescu et al. (46) Table 1 . Heparinase III significantly reduced the intensity of the heparan sulfate fluorescence, but not the intensity of chondroitin sulfate fluorescence. Chondroitinase ABC significantly reduced the intensity of chondroitin sulfate fluorescence, but not heparan sulfate fluorescence. It should be noted in Figure 5 that although the intensity of the heparan sulfate image has not been altered by the chondroitinase treatment, the appearance (organization) of heparan sulfate has been altered somewhat by the removal of chondroitin sulfate as this has altered molecular interactions in the glycocalyx.
Discussion
This study addressed several issues related to the contraction of SMC in response to fluid flow-induced shear stress that was recently demonstrated by Civelek et al. (8) . It described the first experiments that begin to characterize the mechanotransduction mechanism for fluid shear stress on SMCs. In addition, it provided more support for the hypothesis that fluid shear stress is a mechanical signal that mediates the myogenic response. On the SMC surface, chondroitin sulfate, and heparan sulfate GAGs can be present on syndecans-1 and -4 (5, 37, 46) and on glypicans (38) . The intracellular domain of syndecan-1 has been shown to associate with the actin cytoskeleton (5, 6, 37) . The coupling of syndecans to the actin cytoskeleton could result in mechanical stress being transmitted from extracellular to intracellular domains. G-protein coupling: A previous study by Civelek et al. (8) concluded that rat aortic SMCs respond to fluid shear stress via PKC and RhoA pathways that are calcium independent. Oh et al. (31) have reported that syndecan-4, present on the SMC surface, binds to PKC and regulates PKC's activity and distribution. The sensing of flow by the GAGs and syndecan body could activate the PKC pathway leading to calcium independent cellular contraction. Thus, the contraction response of rat aortic SMCs to fluid shear stress could be sensed through the glycocalyx by one or more of these plausible pathways. Further studies will be required to determine the specific pathways that are involved. 
